1 220 mm thickness artificial silt layer (mixture of crushed sand and kaolin), both layers being compacted 23 in a cylinder of 550 mm inner diameter. One positive pore water pressure sensor, three tensiometers and 24 three TDR sensors were installed around the ballast/silt interface allowing the evolution of pore water 25 pressure (negative or positive) and volumetric water content to be monitored, respectively. A digital 26 camera was installed allowing direct monitoring of different movements (ballast, ballast/sub-soil 27 interface, etc.). The effects of loading (monotonic and cyclic loadings) and degree of saturation of sub-28 soil (w = 16%, S r = 55% and near saturation state) were investigated. It was found that the development 29 of pore water pressure in the sub-soil is the key factor causing the migration of fine particles that results 30 in the creation of interlayer as well as the mud pumping. In particular, thanks to the camera, the pumping 31 up level of fine particles was visualized during the test, showing that the migration of fine particles was 32 not only due to the interpenetration of ballast particles and sub-soil, but also the pore water pressure that 33 al. 2011) and the pavement context (Yoder 1957 , Van 1985 , Alobaidi and Hoare 1994 , 1998a , 48 1998b , 1999 2013, Duong et al. 2013 ). This interlayer mainly involves the conventional lines. Indeed, the 51 conventional lines in France were constructed more than one hundred years ago by directly putting 52 ballast onto the sub-grade (unlike the new lines for high speed trains). Over years of operation, the 53 interlayer was formed mainly by the interpenetration between the sub-grade soil and ballast under the 54 effect of train action. As both mud pumping and presence of interlayer can significantly affect the track 55 mechanical behavior, it appears important to investigate the related mechanisms in-depth. 56
Up to now, even migration of fine particles and its consequence have been reported in several studies, 57 the knowledge on the driving mechanisms is still limited. Indeed, in the case of interlayer, its creation is 58 still an open question. For the mud pumping, some different mechanisms were proposed. Takatoshi 59 (1997) reported that pumping of fine particles is due to the effect of suction generated by the upward and 60 downward movement of ties. Differently, Hoare (1996, 1999) proposed that pumping of 61 fine particles depends mainly on the pore water pressure developed at the interface between the sub-62 grade and sub-base/ballast layer. 63 apparatus, the pumping of fine particles in highway pavement was investigated under 2 Hz loading on a 66 32 mm diameter metallic hemisphere representing the sub-base material. However, this prototype 67 apparatus and the adopted methodology are not suitable for the railway issue (metallic hemisphere 68 instead of ballast, low loading frequency), and in addition, the pumping level of fine particles was only 69 recorded at the end of the test. case, the diameter of the cylinder seems to be small when considering the ballast size (about 60 mm). 72
Moreover, the monitoring of the intermixing of sub-soil particles and ballast particle is also not allowed. 73
In this study, a physical model was developed, allowing the mud pumping and the creation of interlayer 74 to be investigated. The model had a diameter of 550 mm that is considered as large enough to minimize 75 any size effect. The apparatus was equipped with 3 tensiometers and 3 time domain reflectometer (TDR) 76 allowing the monitoring of pore water pressure and volumetric water content at different positions, 77
respectively. Moreover, a digital camera was used to monitor the evolution of the interface between 78 ballast and sub-soil. In order to study the creation of interlayer within the sub-structure of conventional 79 lines in the French railway network, the sample was prepared with a ballast layer overlying a sub-soil 80 layer. This configuration represents the conventional railway sub-structure at the moment of construction 81 (more than one hundred years ago). The mud pumping phenomenon was also investigated. 82
Materials 83
In order to have a quantity of homogeneous sub-soil large enough for conducting the experimental 84 investigation planned, the sub-soil used in this study was produced artificially by mixing 30% Kaolin 85
Speswhite clay and 70 % crushed sand C10 (by dry mass). It is named henceforth 70S30K. The reason of 86 5 using this artificial material is that it can be reproduced easily in the laboratory for having a large 87 quantity needed for the whole test program, thus avoiding any problems related to the natural soil 88 heterogeneity -the composition of soil can be slightly different from one sample to another. Figure 1  89 shows the grain size distribution curves of Kaolin Speswhite clay, of the crushed sand C10 (given by 90 suppliers) and of the mixture 70S30K (determined using the dry sieving and the hydrometer methods). 91
Note that the curve of 70S30K is close to that of the Jossigny silt, a soil widely studied worldwide for its 92 hydro-mechanical behavior especially in the unsaturated state (see Cui and Delage 1996 for instance). 93
The Standard Proctor curve of 70S30K is plotted in Figure 2 ; its hydraulic conductivity at a dry unit 94 mass of 1.5 Mg/m 3 is 8.4 × 10 -7 m/s. Some other properties are presented in Table 1 . 95
The ballast used in this study was taken from the storage of construction materials of the on the sub-soil and the ballast particles were arranged in order to have a satisfactory horizontal surface 135 between ballast and piston. After the specimen preparation, the whole column was placed under the 136 hydraulic actuator. The tensiometers were then installed, and other operations were undertaken such as 137 lighting up the LED series, setting up the digital camera, preparing the loading program. Figure 4  138 presents a photograph of the column with specimen. 139
The test was carried out in three stages. In the first stage (namely henceforth Unsaturated state) 140 where the sub-soil was in unsaturated state (w = 16 %; S r = 55%), a pre-loading (including monotonic 141 loading and cyclic loading at low frequency) was firstly applied. Monotonic loading started from 0 to 142 100 kPa at a rate of 0.14 kPa/s. Afterwards, low frequency cyclic loading was applied with the axial 143 stress varying from 30 to 100 kPa: 20 cycles at 0.1 Hz; 50 cycles at 1Hz and 100 cycles at 2 Hz. This Saturated state was applied. During the saturation, the sub-soil was saturated from the bottom under a 152 hydraulic head of 12 kPa using an external water source connected to the column. The water level was 153 maintained at 2 cm above the ballast/sub-soil interface in order to ensure the fully saturated state of the 154 sub-soil layer. Meanwhile, a sensor of pore water pressure was installed at h = 0 mm. In Saturated state, 155 monotonic loading at the same increase rate as in Unsaturated state was applied up to 100 kPa followed 156 by the 5 Hz cyclic loading. The test ended when fine particles were observed at the surface of ballast 157 
Experimental results and discussions 168 Figure 5 presents the results obtained during the pre-loading in Unsaturated state. The variation 169 of stress applied was plotted in Figure 5a where the stress was increased monotonically from 0 to 100 170 kPa and then cyclically at low frequency before the 5 Hz loading for 500 000 cycles at the end. It can be 171 observed that during the monotonic loading, the axial displacement increased quickly and it continued to 172 increase during the cyclic loading, to reach 7.3 mm. The displacement was decreased to 6.8 mm when 173 the load decreased from 100 kPa to 30 kPa. 174 Figure 6 shows the evolution of global displacement in Unsaturated state (w = 16%). The 175 displacement increased quickly during the monotonic loading, from 0 to 7.3 mm. The pre-cyclic loading 176 at 0.1 Hz, 1 Hz and 2 Hz increased the permanent displacement to 8.7 mm. The increasing rate of 177 permanent displacement was also high in the first period of 5 Hz loading (from 8.7 mm to 9.9 mm for9 the first 10 000 cycles) and then it slowed down (it needs nearly 50 000 cycles to increase from 9.9 mmto 10.9 mm). 180 to 20 mm below the ballast/sub-soil interface. As it was the last layer for the compaction operation, its 197 dry unit mass can be smaller than those of lower layers. 198
As the sub-soil layer was fully saturated, the variation of volumetric water content θ can be used 199 to estimate its settlement by assuming that soil particles and water are not compressible. 200
The total height is divided into three sub-layers, assuming constant volumetric water content in each 201 sub-layer. The calculation of the settlement of each sub-layer is as follows: 202 The settlement result obtained is also presented in Figure 6 . It can be observed that the calculated 210 settlement has the same trend as the displacement by external measurement but slightly larger. Note that 211 the external displacement consists of both the displacements of ballast layer and sub-soil layer while the 212 calculated settlement consists of only the part of sub-soil. Note also that the accuracy of TDR used is 2% 213 that corresponds to a settlement of 4.3 mm. 214
During the 5 Hz loading for 500 000 cycles, the volumetric water content was almost stable with 215 small variations (Figure 9a ). From the beginning to the end of the 5 Hz loading, the values are 22.2 ± 216 0.2% for TDR1 at h = 120 mm, 23.4 ± 0.3% for TDR2 at h = 160 mm and 20.9 ± 0.5% for TDR3 at h = 217 this is quite close to the theoretical value of S r , estimated at 55 %. 219
The response of tensiometers was plotted in Figure 9b For the visual monitoring, two photographs were taken, one before the monotonic loading and 224 another after the 5Hz loading for 500 000 cycles, and they are presented in Figure 10a and Figure 10b , 225 respectively. Referring to the level of the top surface of the sub-soil layer, these two photographs show 226 that the level of ballast/sub-soil interface did not change. Furthermore, no migration of fine particles was 227
observed. This suggests that the sub-soil displacement calculated from θ does not represent the global 228 variation. Note that the local ballast/sub-soil contact was not uniform over the whole interface section 229 because ballast particles are very angular and have different shapes. This non-uniform contact can lead 230 to non-uniform stress, thus a larger compression in the zones just beneath ballast particles as compared 231 to the zones among particles. The TDR whose size is 80 mm long and 25 mm large was probably 232 situated beneath ballast particles, giving rise to a higher θ value, hence a larger estimated settlement. 233
When the 5 Hz loading for 500 000 cycles ended, the sample was connected to an external water 234 source and water was observed on the ballast/sub-soil interface after about 1 day. During this time, the 235 volumetric water content measured by TDR increased consistently: the value at h =120 mm changed 236 firstly, then it was the turn of h = 160 and finally of h = 200 mm (Figure 11a ). At t = 45 h, the volumetric 237 water contents at three levels stabilized. If one assumes that the dry unit mass of the sub-soil did not 238 change during the test, the degree of saturation S r was 87% to 88%. This is possible because during the 239 saturation of very fine soil, it takes longtime to filling micro-pores. This can be observed also in Figure  240 11b where the evolution of pore water pressure is depicted. Till t = 45 h, the pore water pressure 241 increased as the volumetric water content increased. Afterwards, although the volumetric water content θ 242 became stable, the pore water pressure continued to increase up to zero. Furthermore, the three pore 243 water pressure-time curves show the same increase trend (Figure 11b) , suggesting that the process of 244 filling micro-pores took place continuously and uniformly within the sample. 245
Once all the tensiometers gave the positive pressure values, the third stage (Saturated state) 246 started with the monotonic loading followed by the 5 Hz cyclic loading. Figure 12 shows the variations 247 of the pressure applied (Figure 12a) , the permanent axial displacement (Figure 12b) , the pore water 248 pressure ( Figure 12c ) and the volumetric water content (Figure 12d ). When the monotonic load 249 increased from 0 to 100 kPa, the permanent axial displacement increased from 9 mm to 28.6 mm, and 250 the pore water pressure increased also: at h = 120 mm and h = 200 mm it increased quickly and reached 251 around 30 kPa while at h = 0 mm and h = 160 mm it increases more gently. The gentle increase at h = 0 252 mm can be explained by the far distance of this position from the loading source and the low hydraulic 253 conductivity of the soil, while the gentle increase at h = 160 mm can be explained by some technical 254 problem of the sensor at this level as revealed by the verification after the test. When the monotonic 255 loading finished, the pore water pressure at all the three levels decreased but remained higher than zero. 256 This can be explained by the very low hydraulic conductivity of the sub-soil that did not allow quick 257 water pressure dissipation. 258
Under the 5 Hz loading, the permanent displacement continued to increase rapidly. The pore 259 water pressure became quickly higher than 40 kPa (except the late response at h = 160 mm, possibly due 260 to the corresponding sensor performance). In the end, the value obtained was between 40 and 58 kPa. 261
Note that the applied pressure varied from 30 kPa to 100 kPa. This suggests that the effective stress 262 (total pressure minus pore pressure) became sometimes negative during the unloading (applied stress 263 smaller than pore water pressure) and liquefaction occurred within the sub-soil. Note that the negative 264 longer contact between soil particles. Further study is needed to verify this point. 266
On one hand, the sharp increase of pore water pressure weakens the sub-soil and on the other 267 hand its dissipation brings fine particles upward. This is the key factor for the migration of fine particles. 268 This is also consistent with the observation reported by Aw (2007) particles created a layer of mixture materials. This is probably the main mechanisms for the creation of 273 interlayer identified in some railway sub-structures in France as mentioned before. In Figure 12d , the 274 change of volumetric water content is insignificant: ± 1.4% at h = 120 mm, ± 1.9% at h = 160 mm and ± 275 2.4% at h = 200 mm. Their variation trends are different: the volumetric water content at h = 120 mm 276 and 160 mm increased, while the value at h = 200 mm decreased continuously. These trends can be 277 explained as follows: assuming that the sub-soil is nearly saturated, when the soil was compressed, the 278 pore volume decreased. As a result, the volumetric water content increased at h = 120 mm and 160 mm. 279
At h = 200, it is not very obvious because it was just 20 mm below the ballast/sub-soil interface that 280 underwent significant modifications. 281 Figure 13 shows the photographs taken just before the monotonic loading (Figure 13a ), after the 282 monotonic loading (Figure 13b ) and after the cyclic loading (Figure 13c) in Saturated state. The 283 movement of fine particles can be identified. The fine particles were pumped up to the surface of ballast 284 layer. During the monotonic loading, fine particles were also moving upwards, but not as rapidly as 285 during the cyclic loading. 286
For a further analysis, the evolution of the sub-soil surface from the initial surface (after compaction) 288 was recorded. From the images taken by camera (see Figure 13) , the evolution of sub-soil surface was 289 monitored by digitization and the results are presented in Figure 14 . The intersection between the initial 290 surface of sub-soil and the vertical ruler was chosen as the point zero in Figure 14 . Each line represents 291 the level of sub-soil surface at one moment of the test. The time interval between lines is 2 minutes. The 292 first part (lower lines) corresponds to the variation during the monotonic loading and the second part 293 (higher lines) corresponds to the variation during the cyclic loading (5 Hz). In general, the entire sub-soil 294 surface was rising up. It is worth noting that when removing the sample at the end of the test, it was 295 observed that the pumping up level of fine particles was uniform over the whole cross section. 296
In order to verify the nature of fines migration, let's take an assumption that this was the ballast 297 penetration into the sub-soil that pushed the fine particle upward. to 0.95 (un-compacted). In the case of the present study, as the sample was submitted to the 5 Hz loading 312 for 500 000 cycles, the ballast layer can be considered as compacted with a void ratio equal to 0.74. As 313 the ballast settlement under loading in Saturated state is 47.7 mm as presented in Figure 12b ( the ballast 314 settlement is considered equal to the piston displacement, the most critical case), the pumping up level 315 estimated using Eq. (6) the sub-soil surface evolution with the theoretical value (Eq. 6). On the whole, the evolutions of the sub-324 soil surface at these sections follow the same trend. The interface rose up immediately when loading 325 started. From Eq. (6), the theoretical pumping level of fine particles was calculated and the result is also 326 presented in Figure 15 . The calculated value is clearly lower than the real pumping level deduced from 327 the photographs. This confirms that the fine particles migration was not only due to the ballast 328 penetration but also the dissipation of excess pore water pressure. 329
Conclusions 330
A physical model was developed to study the creation of interlayer and the mud-pumping phenomena in 331 conventional railway sub-structure. The soil sample consisted of a ballast layer and one sub-soil layer. 332
One pore water pressure sensor, three tensiometers, three TDRs were used to monitor the variations of 333 pore water pressure and volumetric water content. The transparent PMMA apparatus wall and a digital 334 camera allowed direct monitoring of the different movements (ballast, ballast/sub-soil interface, etc.). A 335 test was carried out under monotonic and cyclic loading on a sample with the sub-soil in two different 336 states: unsaturated and saturated sates. The results obtained allowed the migration of fine particles to be 337 investigated. The following conclusions can be drawn: 338
1) The quality of the recorded data showed that the physical model developed worked well and the test 339 protocol adopted was appropriate. Moreover, it was observed that the migration of fine particles was 340 globally the same in every points of the interface, suggesting that the soil sample was representative of 341 the one dimensional case. Thereby, the experimental set-up developed and the test procedure adopted are 342 relevant for studying the mud pumping phenomenon occurring in the railway substructure. 343
2) In the unsaturated state of sub-soil, the interface between two layers did not change even after the 5 344
Hz loading for 500 000 cycles. On the contrary, in the near saturated state, it rose up very fast during the 345 very first cycles. The difference between the two cases highlights the effect of water content which 346 softens the base layer and allows the migration of the fine particles into the void spaces between ballast 347 particles and also the penetration of ballast particles into the sub-grade. 
